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Abstract
1 lybrid (kinetic ion/fluid electron) simulations have beenusedtostudy self-consistently the
injection and initial stages of acceleration of interstellar pick-up ions at the solar wind
termination shock. Results are presented from one-dimensional simulations of high Mach
number oblique (40°-50°) shocks with a 10% population of interstellw pick-up hydrogen.
In these simulations, the pick-up ions, the solar wind ions, the shock ficlds and the waves
are al treated self-consistently. Pick-up ions refiected by the shock excitelarge amplitude
(AB/B - 0.3) upstream magnetosonic waves. These waves, in turn, scatter the pick-up
hydrogen, as expected in the diffusive shock acceleration process. The spectrum of excited
waves broadens in time. We find that, for the parameters studied, the terminat ion shock
efficiently injects ant! accelerates the interstellar pick-up hydrogen, anti thus this work
represents a microscopic verification of this anomalous cosmic ray injection mechanism.
Comparison of injected fluxes from the. simulations with Voyager fluxes extrapolated to the
termination shock suggests that injection at the termination shock is probably greater than
injection by interplanetary shocks. A study of accelerated pick-up ion orbits shows that the
energy gain comes predominantly from shock drift acceleration in the shock front, with the

upstream waves aiding the acceleration by allowing multiple encounters with the shock.
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1. Introduction

It has been hypothesized that anomalous cosmic rays (20-300 Me V) may result
from the acceleration of interstellar pick- up ionsinjected at the solar wind termination shock
[Pesses et al., 1981; Jokipii, 1986,1990). Interstellar pick-up ions enter the heliosphere as
neutrals. They are ionized and picked up by the solar wind which carriesthem back out to
the termination shock. The interstellar neutrals (~20 km/see) have alarge velocity relative to
the solar wind (V sw~400 km/sec) and hence these pick-ups have a much larger energy in
the solar wind frame (~1/; mVgw?) than the backgtound solar wind ions. ‘ J bus, they form a
natural higher energy “seed” population for injection and acceleration at the termination
shock. The largest pick-up component is cxpected to be hydrogen, representing over 10%
of the solar wind ion density if the termination shock isbeyond 50 AU. Recently,
Gloeckler etal. [1993 Jhave made the first observations of inter stellar pick-up hydrogen,

Jonsare accelerated at collisionless shocks p1imarily by two processes [ see reviews
byForman and Webb, 1985 and Jones and Ellison, 1991]: shiock drift acceleration anti first
order Fermiacceleration. In shock drift acceleration, anion gains encrgy viaits VB drift at
the shock front in the direction of the convective vxB electric field. in this process, the ion
travels along the shock front and gains energy continuously, in first order Fermi
acceleration, an ion gains energy by scattering between converging magnetic fluctuations
upstream anti downstream of the shock. For parallel shocks, with no average jump in the
magnetic ficld at the shock, Fermiacceler at ion isexpected to dominate, whereas in more
oblique or quasi-perp endicular shocks, shock drift accelerationisexpected to dominate
[Jokipii, 1987]. The role of shock drift acceleration has been further clarified by the work
of Decker and Vlahos [19864,b] and Decker [ 1988] in calculations of test particle orbitsin
specified (i.e., not self-consistent) shock and magnetic fluctuation ficlds.

Much of the work on ion acceleration at shocks uses the standard convection-
diffusion cosmic ray transport equation which contains both shock driftand Fermi

acceleration[Jokipii, 1982,1990; Jones and Ellison, 1985]. Diffusive thcory provides a
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description of ion acceleration onmacro, ¢.g., heliospheric, spatial and temporal scales. It
isvalid for isotropic distribution functions and particles with velocities much greater than
any convective speeds in the problem. Diffusive theory can be used to describe the
acceleration of such suprathermal ions in the heliosphere to cosmic 1ay energies for which
the acceleration processes takes place on the 100 AU spatial scale and year time scale (see
e.g. Jokipii[ 1990]). in diffusive transpor t models, the. microscopic fields of the
heliosphere and the diffusion coefficient, whichincludes the wave scattering from smatll
scale fluctuations, are specified (using results from other theories and/or models) and an
assumed energetic seed population is"injected." Because it provides a [macroscopic
description, results from diffusive cosmic ray transport models can be compared directly
with cosmic ray observations. The theory, however, cannot be used to modcl the injection
and acceleration of the freshly picked up interstellar ions because of their low energy and
non-isotropic  distribution.

Here, we use the complementary technique of hybrid part icle simulation to study
the injection and acceleration of freshly picked up interstellar ions at thie solar wind
termination shock. In hybrid simulations, scatteting and diff vsion rc.suit directly from the
wave-particle interactions in the simulations. Self-consistent hybrid simnulations have been
used previous] y by Giacalone et al. [ 1992, 1993] and Scholer [1990]10 study the
acceleration of thermalionsin parallel or nearly parallel shocks (0 ;,< 20¢ where Oy, IS
(he angle between the magnetic field and the shock normal). Burgess ( 1987) studied shock
drift acceleration in oblique shocks of suprathermal test particlesin1-1) hybrid simulations.
We have extended this previous work to study the acceleration of the energetic pick-up ion
“seed” population in oblique (B, == 300- 60¢) shocks. The suprathesmal pick-up ionsin
our Simulations arc not "test particles’” asin Burgess (198'/), but are treated self-
consistently and have amajor effect on both the macroscopic and microscopic fields. In
addition, we have studied the evolution of the. spectrum of the upstream waves generated

self-consistently by the reflected pick-up ions; no upstrean: waves are injected.




Wec find that, for’ the oblique shocks studied, pick-up ionsare efficiently injected
and accelerated by the. termination shock. For a strong shock (M A=: 8), about 40% of the
incident pick-up ion flux wasinit ially reflected. From astudy of the accelerated pick-up ion
orbits, we find that the energy gains come predominantly from shock driftaceeleration in
the shock front, with the upstream waves playing the crucia role of a lowing the pick-up
ions to have multiple encounters with the shock. For astrong shock, many icms are
observed to be accelerated to about 30 keV, which is S50 times their initial energy. 1 lybrid
simulations can provide only a micro-scale. description of the injection and initial
acceleration of interstellar pick-up ions. Computer resources limit spatial scales to fractions
of an AU and time scales of tens of hours. 1 lowever, the energetic ion fluxes from such
models can then be used as input to models bawd on the convection-diffusion cosmic ray
transport equat ion which can then follow the acceleration process to the obser ved
anomalous cosmic ray energies (20-300 MeV).

We have aso addressed the question of whether the fluxesinjected into the global
heliospheric shock acceleration process at the termination shock as computed by the
simulations are greater than fluxes injected by interplanetary shocks as obser ved by
Voyager. For this comparison, we have used Voyager low-energy charged particle (1 .ECP)
flux spectra data from shock acceleration events (Gold et al., 1988), mcasured at about 15
-20 AU, extrapolated adiabatically to §0 AU (the location of the tcrmination shock in our
simulations) and compared the flux spectra in the encrgy range j-1()() keV. We find that the
simulation fluxes are about 1-2 orders of magnitude larger than the mecasured fluxes
extrapolated to 80 AU in this energy range. Although there is considerable uncertainty
introduced by comparing fluxes from two intermittent events at different locations, the
results indicate that the termination shock is probably the primary injection site for the
anomalous cosmic ray component.

The paper isorganized as follows. in Section 2, the simulation model and

parameters are described and the angular range of vaidity of the model discussed. in




Section 3, simulation rt’ suits are presented and analyzed and compared with Voyager

observations. The results are summarized and discussed in Section 4.

2. Simulation Model and Paramecters

The hybrid simulation model used here, as well as the assumed termination shock
parameters, have been described in Liewer eral. [1993). The code is based on the hybrid
code of Winske andl.eroy 11985J and uses a first-order accurate time stepping algorithm.
For the studies here, the code was modified to include a second ion species, the interstellar
pick-up ions, which are initialized with a non-thermal distribution in velocity space. Both
ion species are treated in a fully self-consistent manner since the. macroscopic and
microscopic fields are strongly influenced by both. T'o get reasonable statistics for the
accelerated pick-up ions, wc usc relatively more simulation particles to represent the pick-
ups than the thermal ions and weight the pick-up and therimal ion simulation particles
accordingly when computing the local density, momentum and current from the simulation
particles. For the cases presented here, 1/3 of the total simulation particles are pick-up ions
even though the pick-ups represent 1()% of the totaldensity,

For most of the simulations, we assuine, as in Licwer etal. [ 1993}, a spherical
shell velocity distribution with zero width and a radius equal to the solar wind velocity co-
moving with the solar wind ions. T'o test the effect of the assumed dist: ibution on the
injection process, we have also run simulations using an adiabatically cooled pick-up ion
distribution, f(v) e v-3/2{Mobius etal., 1988).

In our model, the simulation is done in the downstieam frame. ions are injected
from the left of the simulation box and reflect off the right wall. The shock forms at the
right wall and propagates to the left. Reflected ions that reach the left wall are absorbed. In
the simulations below, ®pi/®i = 7000,” B, = 0.5, Bi= 0.2, and the fractional density of the
pick-up hydrogen is ngt/ng =10% where ng istheinitial total density and ng? istheinitial

hydrogen pick-up ion density. ‘1 hese numbers, plus the angle and Mach number,




characterize the shocks completely and represent values expected for a solar wind
termination shock at~80 AU {l.icwerectal., 1993).

The code uses dimensionless units with length normalized to ¢/0%i where ®pi is the
ion plasma frequency ((Dpi?‘ =4n n()c?/m}-, with mp the proton mass), and velocities are
normalizedto ¢, the sped of light. Variation is allowed only in the x (shock PTOPa gation)
direction and the initial magnetic field isin the x-z plane. The simulation of particle
acceleration to high energies requires very large systemssizes and long run times and, thus,
large amounts of CPUtime. The computations were performed using 32 processors of the
512 processor Intel Delta Touchstone parallel computer at Caltech and ran about 12 hours.
Typical runs had a time step of 0.0250ci 1, a system length of 3500 ¢/oy; with 7000 grid
points and 1 million particles and ran for 20,()()() time steps. For solar wind parameters at
about 80 AU, the time step corresponds to about 6 sec and ¢/ = 7000 km. in calculating
the injected differential fluxes (flux per unit energy, ions/em?2-sec-ke V), a plasma density
of ng = 9.4x 10-4 cm-3 was used, obtained by extrapolating adensity of ng=6 ¢m-3 at earth
to 80 AU.

The processes studied in thiswork -- injection and acceleration at shocks -- are
very sensitive to the shock angle 9Ba- Oblique shocks gener aly allow more reflected pick-
up ions to move back up streamto both excite waves and to be further scattered and
accelerated than do quasi-perp endicular shocks. Ouione-ditnensional hybrid simulations,
as well as simple estimates, show that to get Sig nificant ion 1eflection and reflected-ion
driven upstream waves, the. shock angle must beless than about 60¢ [1 iewer et al., 1993].
Acceleration in oblique shocks is of particular interest because the importance of shock drift
acceleration relative to first order Fermi acceler ation increases with increasing shock angle
and magnetic ficld jump, and the rate of accelerationalso increase s [Jokipii, 1987]. We
have studied the injection and acceleration processes for arange of oblique shock angles

O =300 - 600.

Recently, Jokipiictal.] 993] have found that one- andt wo- dimensional hybrid
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simulations cannot be used to study shock acceleration in quasi-perpendicular shocks
because of the inhere' nt neglectof cross field diffusion in one- and two-dimensional

models. It may be thatif cross field diffusion effects were presentin the 11 hybrid
simulations, significant injection might also occui for 8y,, > 60°. Note that the diffusion
coefficients are free parameters in diffusion/convection models only. in hybrid simulation
models, the diffusion coefficients can not be specified because the scattering results directly
from the wave-particle interaction in the simulations. One- and two-dimensional
simulations with “ad hoc” cross- field diffusion might give some in formation cm thisissue
(see e.g., Giacalone et al. [1994], butultimately fully three-dimensional simulations will
be necessary to resolve thisissue.

Since closs field diffusion is not present in one-dirnensional hybrid models such as
that used here, we address the question of the range of angles for which thisneglect might
have asignificant effect. Although difficult to quantify, we present hereone simple
estimate. The relevant diffusion coefficient for shock acceleration is the component

Kxx = Kjjcos20 + K sin?8
whereK j and K|j are the ion diffusion coefficients perpendicular anti purallel to thefield
respectively, x iSthe direction of the shock nor ma] and 6 isthe angle between the magnetic
ficld anti the x axis; the acceleration rate isinversel y proportions] to Kxx [Jokipii, 1987].
‘1’ bus, we estimate that neglect of perpendicular transport will not becorue impor tant until
the neglected transport, K | sin20, becomes compar able to that retained, K || c0s20. The
unknown ratio K | /K| will depend on the ma gnetic turbulence. Since the ratio is unknown
in the vicinity of the termination shock, we estimate the effect for several assumed values.
The largest upstream angle in the simulations presented was 500; the largest downstream
angle was about 75°. Taking K | /K||= ().()1 (corresponding to aparalle] diffusive step size
10 times the perpendicular diffusive step size), neglect of K j isa <14% effect
(K 5in20/K|cos2 0 < 0. 14) for § < 750, Thus, neglect of K | will be a small effect for all

anglesin these smulations for K | /K))<0). 01and neglect of crossfield diffusion isjustified.




If K1 /Ky =().1, then at 6=50° (the largest upstream angle in the simulations presented),
neglect of K | might produce a 14% effect. However, for 6= 759, the. effects of
perpendicular diffusion would dominate (K_Lsin?E)/K||c032()> 1. If K| /Ky= 1, then the
effects of perpendicular diffusion would dominate for 8>45¢ and neglect of crossfield
diffusion wouldclearly not be justified.

Since our 1 D hybrid models injects pick-up ions into the acceleration process only
for Opn < 60°, and since the termination shock is generally assumedto be quasi-
perpendicular (B, = 90°), it is necessary to estimate the fraction of the time the shock
angle will fall below 60° in order to estimate the globally average injectedflux. If the
heliospheric magnetic field were the constant Parke: spiral and the termination shock were
spherical, the shock angle would fall below 60¢ only within adegree o1so of the
heliospheric pole and thus the fraction of time in this range would be negligible. However,
considerations of the variability in both the inter planetary magnetic field and the shock
normal direction lead to a much larger, although rather uncertain, estimate.

Firstly, hourly averaged 1991 Pioneer magnetic dataat 35 AU shows that the angle
of the magnetic field itself is highly fluctuating and thus, even near the ecliptic, the angle
between the field and the radial direction will at times be less than 60°. F'rom the1991
Pioneer magnetic field datapresented inlLiewer et a. [ 1993], we calculate that the angle
between the field and the radial direction falls below 600 about 20% of the. time; it is not
known how this number will extrapolate to6080 AU,

Secondly, only for asteady, spherically symmetric termination shock is the shock
normal always in the radial direction, ydrodynamic modelsshow that if the very local
interstellar medium (V1 .1SM)flow is supersonic assuggested in arecent study of the
morphology of the VI .ISM by Frisch| 1994], then the heliosphere has an external bow
shock (see Baranov and Malama [ 1993] and 1eferences theiein J anti the termination shock
becomes bullet -shaped with the nose pointing into the VI .ISM flow. In this case, the shock

normal is not radial over some portion of its surface. From atwo-dimensional




axisymmetric calculation of such a "two-shock” heliosphere [Karmesin et al., 1995], we

find that the shock normal is more than 30¢ from the radial direction (and thus 0y, < 60°)
over about 15% of the shock surlace. The distortion of the shock from spherical, anti thus
this percentage, will depend, of course, on the VI.ISM parameters which have alarge
uncertainty. Variability due to a non-spherical termination shock would lead to a non-
uniform injection with more injection from the tail hemisphere than thenose hemisphere.

From these various considerations, aver y crude estimate is that the shock angle will
fall below 60° about 1()-3()%, of the time. Using the fact (tiat in our niodel injection occurs
only for O, < 60° and using the above estimate for the time spent in this range, the
average injected flux at the termination shock will be lower than the simulation fluxes by a
factor of about 3-., ‘¢ have studied the injection and acceleration processes for a range
of shock angles 63, =302 - 60°. Results are presented below for two angles, 400 and 50°,
but the results arc qualitatively similar over this range of oblique angles. It is important to
note that if cross-field diffusion islarge enough 1o alow significant injection for shocks
with 63,>600, theninjection of pick-up ions from quasi- per pendicular shocks might be
more important than injection for oblique shocks studied here, since the termination shock
will be quasi-perp endicular more often than it is oblique. Because. of these considerations,
our calculations may underestimate the 1ate of injection of pick-up ions at the termination
shock.

3. Simulation Results

We will first present detailed results from two case studies, characterized by the
angle O3, between the magnetic field and the shock normal and the Alfven Mach number
M 4 (theratio of the solar wind speed to the Alfven speed). Case. 1has 0,= 400 and MaA =
5; Case 2 has 0,,= 50° and MA = §.1n both simulations, as the shock propagates, the
interstellar pick-up hydrogen ions are preferentially reflected by the shock as reported
previoudly [Liewer etd., 1993]. A counter-streaming ion cyclotron instability between

these reflected pick-up ions and the background solar windleads to large amplitude



upstream magnetosonic waves. These magnetic fluctuations are swept back towards the
shock by the super-Alfvenic solar wind flow, thus creating the situation for first order
Fermiacceleration. The pickup ions are observed to be further accelerated in these shock
and waves fields. in these simulations, the waves and turbulence are gencrated by the

shock, i.e., no waves are injected upstream.

3.1 Case 1 (Opp=40° and MA =5)

1 ‘gure I shows results from the lower Machnumber Case 1 at t imes early and late
in the simulation. This Mach number corresponds to a solar wind speed of about 200
kmy/sec which might be expected if the solar wind flow was slowed by the galactic cosmic
ray pressure. Figure 1 a shows results at t=150® -1.1n the top panel, the magnetic ficld
component B y(x) vs. x (with B normalized to the upstream 1nagnet i¢ field magnitude Bo),
shows a large amplitude upstream magnetosonic wave with peak amplitude, ABy/Bg~0.5.
The second panel shows pick-up ion V,vs. X phase space with only cvery 60th ion plotted.
in this panel, the injected pick-up ion shell distribution issecn as the band of ions centered
on vx/c = 5x10-4; some reflected pick-ups are evident as those with negative V.. ‘I” he third
panel showsa subset of the pick-up ions, "encrgetic/reflected” pick-up ion phase space V,
vs. X, where “energetic/reflected” pick-ups are upsireamions with energy greater than 4
times the initial energy in the solar wind frame (E0 = V/ompVsw?where Vs, is the solar
wind speed); all such ions are plotted. The magnetosonic wave structure seen in the By plot
isclearly evidentin the energetic/reflected ion phase space, confirming that it isindeed the
reflected pick-up ions which are driving the upstream instability. These waves propagate
upstream at roughly the Alfven speed, but arc convected back towards the shock by the M
== 5 solar wind flow, In Fig. 1 b (t =5500;1), the y component of the magnetic field
By(x), the total magnetic field amplitude [B(x)I, and “energetic/reflectex|” pickup ion phase
space V, vs. X are shown, The wave amplitude is comparable to the val uc at the carlier
time, but the waves appear to be much less monochromatic. Moreover, the energetic ion

phase space shows much less structure, and higher energy ions are evident, indicating that
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nonlinear mmvc.-scaltcring processes arc playing asignificant role.

Figure 2 shows the magnetic fluctvation spectra 1’(k)= B2(k)/8n VS, k, (with k in
units of ®pi/c) at the. same two times asin Fig. 1integrated over aregion extending 1024
¢/wypi ahead of the shock. At the early time, the spectrum 1s peaked around the value CK/0pi
= (). 12.This is consistent with theoretical expectations for the beam-driven ion cyclotron
instability which predicts - k-Vy, =kj(VA-Vp) = ~®ci- The beam velocity along the field,
determined from plots of the reflectedion v 1-vy phase space, IS Vi/VA = 12. With k =
ki/cosOgnp, the predicted valued isck/m)i= .12 as observed. Atlater times, (he spectrum
has clearly broadened, with more energy going into longer wave length modes. The
broadening of the spectra] peak around O.12 presumably 1esults from the broadening of the
reflected pick-Lip ion beam observed in the reflected/enc rgetic ion phase space in Fig.1b,
wit h the longer wavelength modes excited by the more energetic pick-up ions.

in order to understand better the shock acceleration process and the. relative role of
wave scattering and shock drift acceleration, "orbits” of the most energetic ions were
plotted. T'wo typical ion orbits are shown inFig. 3 where an individual ion’s energy (in the
solar wind frame) is plotted as a function of its distance f1 om the shock front x-Xshock
(negative values are upstream) where X is normalized to /oy, Here k= v2/c2(e.g., energy
isnormalized to mpc2/2 =4.7x105 keV) and theinitial pick-up ionencigy isky=
1/21111,VSW7—- - 5xI ()-7 (corresponding to 240 ¢ V). The ion position and energy at the start of
the simulation are at the bottom left end of the O1 bit curve. This type of plot clearly shows
the energy gain from shock drift acceleration: the ion stays in the shock front (x-xghock = 0)
and gains energy continuously. Wave scattering cau ses the obser ved abi upt decreases in
encrg y because the waves are propagating away from the shock and the reflected ions are
overtaking the waves. (In some cases, wave scaticring causes an increase, in energy,
indicating that some backward propagating waves have been excited.) 190om investigation
of the orbit plots, wc concluded that both processes, wave scattering and shock drift

acceleration, arc important in accelerating pick-up ions a the termination shock. Wave
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scattering is important because it allows the ions to have multiple encounters with the
shock; the actually energy gaincomes from the ion drift in the convective vxB shock
electric field [Jokipii,1982,1987,1990; Jones and kllison, 1985).

From the study of 65 orbits of’ the most energetic ionsin Case 1, we found that
acceleration resulted primarily from shock drift acceleration at the shock front, where the
energy gained from shock driftacceleration in asingle encounter was often much greater
than the gain from simple specular reflection by the shock. Scattering from upstream waves
was the dominant mechanism for returning, ions to the shock front, with downstream
waves playing asmaller role. in many roses, ions stayed quite near to the shock (within
~100 ¢/c,,; or 5-20 pj where., in our units, pi = Opi/0ci E1/22: 7000 1:1/7) and shock drift
acceleration led to large energy gains (up (0 20 times their original encrgy) in only a few
such encounters with the shock. in some of these cases, the ions were kept near the shock
by scattering and the very large magnetic fluctuations near the shock front, evidentin Fig.
1b, probably play amajor role. The plot on thelefiin Fig. 3 isone such orbit. At the first
encounter with the shock, the ion moves nearly along the shock front gaining energy from
shock drift acceleration to E - 4X 1070, It then 1110V C.S upstream about 120 ¢/p; ~ 14 pi
where it is then scattered back to the shock for a second encounter and energy gain. in
about 60% of the cases, the ions gained their energy in one or two such ecncounters. In the
other -4(Y% of the cases studied, the ions moved alarger (> 100 ¢/®i) distance from the
shock before being scattering back or the energ y gain came from three ormore encounters.
An orbit of thistype is shown on the rightin Fig. 3. The ion has gained 24 times its
original energy, corresponding to an increase from?40¢V 1o 6 keV. Note that our
conclusion regarding the importance of shock driftacceleration relative to first order Fermi
acceleration has been obtained using a model which includes no crossfield diffuision. Itis
possible that cross-ficld diffusion could affect the accelerated ion orbits more than the
simple lincar estimate in Sec. 2 suggests.

"The energetic particle flux resulting from the acceler ation processes and the




diffusive shock theory predictions (straightlines)are shown in ig. 4 for both Case 1 and
Case 2 (below). Plotted is the flux spectrum or differential energy flux dJ/dE of the
energetic/reflected ions in a region of width 300 ¢/ justahead of the shock with energy
normalizedto the incident solar wind energyl,imVgw 21:01 Case 1, many ions have been
accelerated to more than 20 times the initial pick-up ionenergy (E>6keV).

Also shown in Fig. 4 isthe slope of the flux predicted by diffusive shock theory

AIE) o iy e
dF ' o201

wherer isthe density compression ratio of the shock. Avcraging over the very large
fluctuations at the shock front, the observed density compressionratio for Case 1is
approximately r =3.2 giving oo = 1.2, The slope predicted by diffusive shock theory is
independent of the value of the diffusion coefficient and independent of the shock angle
[Jones and Ellison, 1985; Baring etal., 1993). The theory make no prediction of the
magnitude of the differential flux. Morcover, diffusive shock theory is strictly applicable
only for isotropic distribution functions and particles with velocities much higher than the
convective velocities, and these conditions are certainly violated for the pick-up ion
distributions in the simulation.

Itisnot clear how well the flux from the simulation should agrce with the diffusive
theory prediction. The flux from the simulation is clearly not a power law and there are
several reasons for this, but there is some agi cernent with the slope predicted by diffusive
theory in the mid-energy range where additional spatial ant] temporal variations expected in
the simulated flux are lessimportant. T'he above diffusive theory prediction isfor the flux
behind the shock, whereas we have plotted the upstream flux. Diffusive shock theory
predicts that the upstream density of energetic ions should decay exponentially with
distance from the shock front with the decay length increasing with ion encrgy | see review
by Formanand Webb, 1985]. This was studied in the simulation of Giacalone et al. [ 1993]

and, qualitatively, has been observed in these simulations as well. The much more rapid
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fall off of the simulation flux than the diffusive theory prediction isdue in part to the finite
length and time of the simulation. Higher encrgy particles have alonger scattering mean

free path and take longer simulation boxes and times to accelerate them.

3.2 Case 2 (Opy=50° and MA =8)

Yor this case with O,= 50° and M =8, the shock is much stronger and the ion
energies are corresponding larger. However, many aspects are similar to Case 1. Figure 5
shows, for atime late inthe simulation, the y component of the magnetic field By (x)/Bg,
the total magnetic ficld strength B(x)/B() and the “energetic/l cflected” pick up ion density
nPref normalized to the upstream pick-up ion density nt’, where, as above, "energetic/
reflected" ions are those with 4 times the initial pick-up ion energy in the solar wind frame.
‘The upstream waves have a somewhat larger amplitude as expected for this higher Mach
number shock with more energetic pick-up ions. Note that some of the waves have
steepened into “shock] lets." Very large amplitude (Ail/B(J = 8) waves arc also evident just
downstream of the shock. The "energetic/ieflected” den sit y illustrates the cfficiency of the
shock acceleration process. In the region just upstream of the shock, the density of the
energetic/rcflected pick-up ions is very high (about 25% of the incident pick-up ion density
just upstream). At earlier times (t =~ 2000;"1), the reflected pick-up ion flux was large,
(nPV)ei/mPyVew = 40% where here reflected ions are all pick-up ions moving to the left
faster than the shock and where (n"PV),¢r iscalculated in the shock frame.

The higher Mach number relative to Case 1leads to an upward shift in the bulk
energy of the accelerated particles. The energetic particle differential flux resulting from the
acceleration processes and the diffusive shock theory prediction for Case 2 are also shown
inkig. 4. Since the energies arc normalized to the incident solar wind energiesin Fig. 4
(240eV in Casc 1 and 611eV in Case 2), the upward shift in energy isnot readily
apparent. Although the shape of the flux curves for the two cases arc quite similar, the
more encrgetic Case 2 is somewhat broader, extending to nigher relative energies. in Case

2, many ions have been accelerated to more than 50 times their initial energy (E>30keV).
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The broadening of the spectrum may be the resultof aslightly slower fall off in energy for
this case, consistent with the prediction of diffusive shock theory. Forthis case theaverage
observed shock density compressionratiowasr=3.4 giving o= 1.1 as compared tor =
3.2and o=~ 1.2 for Case 1. in the mid-energy range, the observed flux is consistent with
the diffusive prediction although, as above, the flux from the simulation has additional
spatial and temporal variations folded into the curve.

Figure 6 shows the magnetic fluctuation spectra (k) = B2(k)/8r vs k, (with kin
units of ¢/my;) at two timesin the simulation, @ci =150 and 500, again integrated over a
region extending 1024 ¢/piahead of the shock. At the early tire, the spectrum is peaked
in the region ck/opi = ().()7-().()9. This is consistent with predictions forthe beam-driven
ion cyclotron instability for the observed reflected beam velocity of ViV A =18-22. At
later times, the spectrum has clearly broadencd, with more energy going into longer
wavelength modes as observed for Case 1 (Fig..2). The broad enhancement in the spectral
region ck/wp 0,02 --0.1 is presumably driven by the higher encrgy reflected pickup ions
accelerated by this M a =8 shock.

Figure 7 shows the orbits of two of the most energetic pick-up ions from Case 2,
energy (normalized to mpcz/Q) versus distance from the shock (in units of ¢/®p;). Both ions
have been accelerated to about 50 times their initial energy (Eg=1.3x 106 or ~0.6 keV) to
about 30 kcV. A study of 65 of the orbits of themost energetic ions for this case led to the
same conclusions as for Case 1, i.e., the acceler at ion resulted primaril y from shock drift
acceleration in the shock front with the upst cam waves siding the processes by returning
the ions to the shock for multiple encounters. Scattering from downstream waves was less
important, Many ions studied appear to remain trapped near (within 100 ¢/®);) the shock
front (either by the fluctuations or the 1>C ficlds), acquiring their energy (via shock drift
acceleration) in asmall number of encounters with the shock. Asin Case 1, in about 60%
of the orbits studied, the ions had only one or two such encounters with the shock. In the

orbit on the left in Fig. 7, the energy gain comes from shock drift acceleration in two

15




“encounters’ with the shock. The ion on theright gains its energy from about 4 encounters
with the shock. It should be noted that any trapping near the shock front could be strongly
influenced by three-dimensional effects.

Recently Bennett et al. 11994] have raised the issuc of whether or not energy is
adequately conserved in a hybrid code such as ours which uses a first-order time stepping
algorithm. We do not monitor energy conservation in our code and thus do not know how
well energy is conserved. | lowever, in Bennett et a., lack of energy conservation in a first-
order hybrid code manifested itself inlaiger (by more. than 30%) density compression
ratios across the shock than predicted by the Rankine-Hugoniot jump conditions. Thus, as
acheck, we have compared observed compression ratios with those predicted by the jump
conditions for the same angle, Mach number and plasmabe1a. For the above cases, we
computed the jump conditions and density compression for a shock moving with the
observed speed using an ion 3 which includesthe (dominant) contribution from the pick-up
ions. For Case 1, the predicted density compression was 3.() and, averaging over the large
oscillations, the observed ratio wasr ~323:0.2.For Case 2, the predicted ratio wasr =
3.2 and th,observed ratio was I = 3.4 4 0.3, The large uncertainty in the compression ratio
isdue to the large oscillations at and behind the shock. Thus, the density compression
exceeded the Rankine-}lugoniot prediction by at most about 10- 15% which is substantially

less than the >30% seen by Bennett et a. using afirst-order code.

3.3 Effect of Pick-up lon Distribution F ‘unction

InCases 1 and 2 above, the injected pick-up hydrogen velocity distribution function
was azero-thickness shell distribution with radius Vgw, co-moving with the solar wind.
Mathematically, f(v) e &(v- Vgw) where v isin the solar wind frame.. T'his would represent
the distribution function if al the ions were picked-llp anti isotropizedinthe vicinity of the
termination shock. in fact, since the pick-up ions arc picked up thr oughout the heliosphere,
the pick-up ions cool adiabatically duc tothe solar wind expansion as they travel out

towards the shock, with those picked up farther in cooling more before reaching the shock.
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‘I-0 test the sensitivity of the results to our choice of pick-up ion distribution function, we
have also run smaller simulations using an adiabatically cooled distribution function f(v) o<
v-372 for the range v = (() ,Vgw )| Mobiuset al., 1988], where, again, v isin the solar wind
frame. This distribution represents a filled sphere of radius Vgw in velocity space, with
n(v)dv o f(v)v2dv o v 1/2dv, where n(v) is the angle-integrated pick-Lip ion velocity
space density per unit shell width and n(v)dv increases with velocity up to the maximum v
=Vs,. Note that for this distribution, only about a third of the ions have a velocity less
than 0.5Vgw in the solar wind frame.

simulations were run using the same parameters of Case 2, but on asmaller grid
(xmax = 1250 ¢/0pi) for both the shell and the adiabatically cooled distribution functions
and the resulting reflected pick-up hydrogen fluxes were compared. Results from both
distributions are shown in Fig. 8 which plots thereflected pick-up h ydrogen flux
normalized to the incident hydrogen pick-up ion flux, ngt’Vsw, with both computed in the
shock frame. Reflected pick-up ions were here defined as those moving upstream faster
than the shock. The results are plotted at t = 2000}, in the late “1 incar phase” so that the
reflected flux could be evaluated before further wave scattering of the pick-ups back
towards the shock becomes more significant. From Fig. 8, it can be seen that for the shell
distribution, about 40% of the incident pick-Lip flux isreflected, whereas about 30% is
reflected for the adiabatically cooled distribution. We have also compare.ci the fluctuation
spectrafor these two cases and find that the power levels are similar, but with the shell
(distribution having somewhat more power in longer wavelengths asexpected. Thus, we
conclude that the results presented in the preceding sections using ashell pick-up
distribution rather than the adiabatically cooled pick-up distributionmay overestimate the
energetic fluxes by on the order of 30%. Generally speaking, however, the results are

relatively insensitive to the two choices of injected pick-up ion distribution function.

3.4 Comparisonof Simulation Results with Fxtrapolated Voyager Energetic Particle Data

The injection of interstellar pick-up ions into the macroscale globalheliospheric
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shock acceleration process is generally thought to occur primarily at the termination shock
and not at interplanctary shocks because the termination shock is generally expected to be a
much stronger shock and the acceleration time is inversely proportionalto the' square of the
Mach number (Jokipii, 1990). Moreover, interplanetary shocks are intermittent and
confinedto the vicinity of the current she-et. Here, we address this injection site issue by
comparing the differential fluxes of the injected/accelera ted pick-up hydrogen fromour
simulations with differential fluxes from interplanetary shock acceleration events measured
by the LLECP particle instrument cm Voyager, extrapolated to 80 AU, the termination shock
location assumed in the simulations. If the flux of “seed” pariicles from interplanetary
shocks at the termination shock location is greater than the fluxesinjected locally at the
termination shock itself (as predicted by the simulation), then interplanctary shocks would
appear’ to be a more important injection site. Since the interplanetary shock seedfluxis not
measured at the location of termination shock, it iSnecessary to extrapolate the V oyager
data.

Gold, Decker and Krimigis (1 988), hereafter GDK, plotted the differential fluxes
(ions/cm2-sec-ke V-sr) in thekeV-Mev range resulting from interplanctary shock
acceleration as measured by the I ECP instruments on Voyuger 1 and 2. Wc have used the
data from Fig. 4 of GDK as the basis for comparison. Specifically, wc. use the highest
measured fluxes| curves (8) and(b) of GDK Fig. 4].Curves(a) ant] (o) arc averages of the
eight largest shock accelerations events observed by 1.ECP at Voyager 2 and 1 respectively
during 1984 and early 1985 when Voyager .? was about 15 AU and Voyager 1 was about
21 AU from the sun. The lower measured differential flux for shock acceleration events
reported in GDK [curve (d) of Fig. 4]islower than the higrhest flux by about a factor of
about 6 in the lowest energy range (F =30 keV).

To compare with the simulation fluxes, the measw ed Voyager fluxes at R= 15 and
21 AU were extrapolated to the termination shock location, taken as 80 AU for the

simulations. The extrapolation makesuse of several assui options and introduces
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considerable uncertainty in the comparison. We have performed the exu apolationto 80 AU
using a simple adiabatic scaling of the energy range andfluxes with y=: 5/3. To do this, we
take the measured flux in cach energy “shell” dE andassumeeach shell extrapolates
adiabatically between the measured location and 80 AU, eg., n «R? JiecR-4/3 dBoc
R-4/3 flux nV « R-8/3 and differential flux d(nV)/dE e R-4/3, "T'he most significant
assumption in this extrapolation is that wencglect al production of flux into this energy
range between 15 or 21 AU and 80 AU. We also neglect loss of flux in this range from
acceleration to higher energies. Thusour extiapolation gives afairly crude estimate of the
value at 80 AU; interplanetary shocks will certainly continue to accelerate ions into this
energyrange. Note, however, this is the maximum flux measured by Voyagers1&2; the
average will be much less,

The extrapolated Voyager differential fluxes(ions/cm2-sec-keV) are plotted in Fig.
9.'’he extrapolated Voyager 2 (R= 15 AU) flux (labeled V2) was calculated by scaling both
the energy and the differential flux with radius ( 15/80)4/3 = (0.09; similarly the Voyager 1
(R=21AU) flux (V]) was scaled using (21/80)4/3= 0.17.1’0 compare with the simulation
fluxes, the 1.ECP fluxes per steradian have been multiplied by 4x. Also shown in Fig. 9
are the simulation fluxes from Case 1, as well as fluxesfi om simulations for the same
parameters as Case 1 (Ma =5, 0p,=409), but higher Mach numbers (M 4 =8 and 10, as
labeled in the plot). “I" he large fluctuations in the spectra at high energies are due to the
rather poor statistics. These could have. been improved by using particle. splitting techniques
(e.g., Jones and Ellison, 1991; Giacalone ¢t a., 1992).

From Fig. 9 it can be seen that the simulation fluxes for MA == 8 are 1-2 orders of
magnitude larger than the extrapolated V oyager fluxes. Note, however, that neither isa
steady source. interplanetary shocks are generally confined to the region of the current
sheet. Note aso that the Voyager fluxes were for the largest shock acceleration events, and
the average fluxes will be considerably lower. The simulation fluxes are obtained for

termination shocks with 0, < 60°, which applies about 10-30% of the time (see the
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discussion in Sec. 2). The termination shock may also injects for O, < 6(°, but the rate of
injection at quasi-perpendicuar shocks in at present unknown (see discussion in Sec. 2).
We conclude that, given the 1-2 orders of magnitude difference, the termination ghock is
probably the more important site for injection and initial acceleration of the anomalous
cosmic ray component than are interplanctary shocks,
4. Summary and Discussion

We have used a hybrid simulation mode! to show that interstellar pick-up hydrogen
ions can be effectively injected and accelerated at the solar wind termination shock for
oblique shock angles. The hybrid simulation model alows aself-consistent treatment of the
shock fields, the solar wind and pick-up ions and the waves and turbulence. We have
studied this process for oblique shocks in the range Op,== 300-600 and found qualitatively
similar results. Reflected pick-up ions drive the strong upstreamturbulenceneeded o
support diffusive shock acceleration. At carly times in the simulation, the spectrum is
peaked at the mode expected for areflected-ion-be am-drivenion cyclouon instability and
the pick-up ion phase shows awell defined reflected beam. As the simulation progresses,
the spectrum broadens in time with energy going to longer wavelengths as the pick-up ions
are accelerated and non-linear wave scattering becomes important. | ‘or strong shocks (Ma
=§), many ions were accelerated to 50 times their initial energy, representing an increase
from 0.6 keV to 30 keV for the parameters used. The magnitude of the “seed” energetic
flux injected at the termination shock determined by the simnulations was compared with
measured energetic particle fluxes from Voyager extrapolated to the termination shock
location. Although considerable uncertainty is introduced by the assumptions used in the
extrapolation, the comparison suggests that the termination shock is a more important
injection site than interplanetary shocks for the injection of the "secd” population for the
anomalous cosmic ray component, Thus theresults presented here provide a verification,
on amicroscopic scale, of the chain of processes by which interstellar pick-up ions can be

reflected, accelerated localy and injected into the macro-scale globalheliospheric diffusive
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acceleration process which can further aceele rate them to anomalous cosmic ray energies.

in this paper, injection was studied for termination shock angles Oy, < 60° because
injection occurred only for such angles in our 112 hybrid 1nodel. This model inherently
neglects cross field diffusion. It may be that perpendicular diffusion can lead to significant
injection for Oy,>600. Ifcross-field diffusionis large enoughto allow significant injection
for shocks with 83,>600, them injection of pick-up ions from quasi-perp endicular shocks
might be more important because the termination shock will be quasi-perp endicular more
often than it is oblique. Because of these considerations, our calculations may
underestimate the rate of injection of pick-up ionsat the termination shock.

A study of orbits of the most energetic pick-up ions in our simulations shows that
the primary mechanism of energy gain is shock drift accelerationat the shock front, with
the waves alowing the ions to make multiple encounters withthe shock. “I’he energy gained
via shock drift accelerationin a single encounter canbeniuch greater thanthat gained from
simple specular reflection from the shock front. 1 n many cases, large energy gains resulted
from only one or two interactions with the shock front. Scattering back to the shock from
upstream waves was observed much more frequently than scattering from clown stream
waves. For our simulations, the wave amplitude, and thus the diffusion coefficient, varies
greatly with distance from the shock.

A comparison of resultsfrom two different Mach number simulations showed the
energetic particle fluxes are qualitatively consistent with the predictions of diffusive shock
theory, athough diffusivetheory is not strictly applicable to these simulations. At higher
energies, the fluxes fall off more rapidly than the diffusive theory prediction. This is
probably due to the finite length and time of the simulation. 70 run simulations large
enough and long enoughto accelerate particles to actual anomalous cosmic ray energies
would be computationally prohibitive Rather-, the distribution of the energetic pick-ups
fount] in micro-scale hybrid simulations can be used as the "seed" population to inject into

macro-scale diffusive shock acceleration models which can than study the acceleration from
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the tens of keV encrgies found here to the MeV anomalous cosmic ray range.
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Figure Captions

Fig.1.Results from Case 1 (Ogp= 400 and MA =:5) at times early (8) and late (b) in the
simulation. (8) Magnetic field y component By(x)/Bg vs. X, pick-upion vy Vs. X phase
space (only every 60th particle plotted) | and "encrgetic/refle cted” pick up ion vx vs, x
phase space where “ctlcrgetic/reflected”  pick-up ions are upstream jons with energy greater
than 4 times the initial energy in the solar wind frame.(all plotted). [he upstream wave
structure can be clearly seen in both By and the phase space of the "cniergetic/re flected”

pick-up ions, which drive the waves.(b) Asin (1) except middle panel is magnitude of the

total field vs. x.

Fig. 2. Power spectrut n of the magnetic field fluctuations (k)= 1’2(k)/8n vsk for Case

at times early and late in the simulation with k in units of @ i/c. The peak at carly times

agrees with predictions for areflected pick-Lip ion beam-driven ion cyclotron instability.

Fig. 3. "Orbits” of two ions from Case 1. Pl otted is the ion's energy (li= v2/c2in the solar
wind frame) asa function of its distance from the shock front x- Xshock (Negative values are
upstream). The ion position and energy (E:=5x 10-7) at the start of the. simulation areat the

bottom left end of the curve. The energy gain {ftom shock drift acceleration is evident: the

ions drift in the shock front (x-xghock = O) and gain energy continuously.

Fig. 4. Energetic ion fluxes resulting from the acceleration processes and the diffusive
shock theory predictions for Case 1 (o=1.2) and Case 2 (a=1. 1). Plotted is the spectrum
or differential energy fiux of encrgetic/reflected ionsin aregion of width 300 ¢/ just
upstream of the shock with energy is normalized to the. incident solar wind energy (240 eV
for Case 1 and 611eV for Case 2). The energetic flux resulting from the stronger shock
(Case 2) leads to asomewhat broader distribution with aslower frill off with energy,

consistent with diffusive theory predictions.
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Fig. 5. Results from Case 2 (O,,= 50° and M 4 == 8) late in the simulation. Magnetic field
component By(x)/B(), the total magnetic field strength B(x)/B() and the "energetic/reflected”

pick up ion density nPrep, normalized to the upstream pick-up ion density nPy.

Fig. 6. Power spectrum of the magnetic field fluctuations P(k) = B?(k)/8n vs k for Case 2

attimes early and late in the simulation withkin units Of pi/c.

Fig. 7. “orbits” of two ions from Case?2. Plotied is theion energy (E=v?/c? in the solar
wind frame) as afunction of distance fromthe shock front *-Xshock (negative values are
upstream). Both ions have been accelerated to about 50 times their initial energy to I -

6x 10-5, corresponding to about 30 ke V.

Fig. 8. Comparison of reflected pick-up ions fluxes normalized to the incident pick-up ion
flux from simulations using two different initial pick-up iorr distribution functions at a time
early in the simulations, The top panelisfor ashell distribution function (showing about
40% reflection) and the lower panclisfor aadiabatically cooled distribution (showing
about 30%reflection) as describedinthe text. Thereflected fluxisthe fux of pick-up ions
moving upstream faster than the shock computed in the shock frame.. Parameters are as for

Case 2 except the system size is smaller.

Fig. 9. Comparison of simulation fluxes for t hree Mach numbers (MA =S, 8and 1 0; all
Opn= 400) with Voyager 1&2 fluxes fiom interplanetary shock events extrapolated
adiabatically to 80 AU. Plotted from the simulations are the differential energy fluxes
(ions/em2-sec-keV) of energetic/reflected ionsin a region of width 300 ¢/®y; just upstream
of the shock, labeled by Mach number. Although uncertainty is introduced by the
extrapolation, the significantly larger simulation fluxes sug gests that the termination shock
is the dominant site for injection of interstellar pick-up ions into the global heliospheric

acceleration process. Note that both arc intermittent sources.
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